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Abstract

The objective of the current study was to assess the repeatability of experiments at

NASA Langley's Thermal Acoustic Fatigue Apparatus (TAFA) facility and to use these

experiments to validate numerical models. To this end experiments were conducted in

this progressive wave tube (PWT) facility's four-modulator configuration.

Experiments show that power spectral density (PSD) curves were repeatable

except at the resonant frequencies, which tended to vary between 5Hz to 15Hz. Results

show that the thinner specimen had more variability in the resonant frequency location

than the thicker sample, especially for modes higher than the first mode in the frequency

range.

Absolute Percent Errors (APEs) and Mean Absolute Percent Errors (MAPEs)

were calculated to increase to normalize the error results and increase the statistical

population size. MAPE results indicated that errors were largely insensitive to the

location in the sample, but were very sensitive to the magnitude of the response.

Therefore, resonant frequencies and higher OASPL tended to produce higher MAPEs.

The time of the day (morning or afternoon) that the plate specimens were tested

affected their dynamic resonant response. The only change between morning and

afternoon tests was possibly the air temperature in the PWT. Therefore, it stands to

reason, that the air being fed to the PWT warmed up during day affecting the dynamic

response of the plates at the resonant frequencies. The torquing sequence used to clamp

the plates was changed from day to day, and yet the resonant responses were repeatable

for the thicker 0.125in (0.318cm) plate. Therefore, torquing sequence did not affect the

dynamic response of the thicker plate. The thinner 0.062in (0.1588cm) plate's resonant

dynamic response was affected by torquing sequence.

Root Mean Square (RMS) (the area under the PSD curves) tended to be more

repeatable. The RMS accelerations increased with SPL and the specimen tended to

behave "linearly" through the SPL range of 135 to 153dB. Standard Deviations (STDs) of

the results tended to be relatively low constant up to about 147dB.

Comparing the variability of the RMS vs. PSD results, the RMS results were

more repeatable. The STD results were less than 10% of the RMS results for both the

0.125in (0.318cm) and 0.062in (0.1588cm) thick plate. The STD of the PSD results were
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around 20% to 100% of the mean PSD results for non-resonant and resonant frequencies,

respectively, for the 0.125in (0.318cm) thicker plate and between 25% to 125% of the

mean PSD results, for nonresonant and resonant frequencies, respectively, for the thinner

plate.
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Throughout this report both English and SI units are used. English units are followed by

the equivalent SI value and unit in parenthesis. The report follows an e+i°'t convention

unless otherwise indicated. References are located at the end of each chapter for reader's

ease.
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1. Introduction

The Thermal Acoustic Fatigue Apparatus (TAFA) is a progressive wave tube

(PWT) facility at the NASA Langley Research Center. This facility is used to test

specimens dynamic response under high intensity acoustic noise environment with or

without a high temperature option. The overall sound pressure level (SPL) incident on the

tested specimen is maintained through a closed loop control system. 1'2 The dynamic

response of the specimen can be acquired with accelerometers, scanning laser vibrometer,

and strain gages, or a combination of these transducers. In this report acoustic

measurements were acquired with a leading and trailing edge microphone, and the plate

dynamic response was acquired using five accelerometers.

The experimental assessment of the dynamic response of plate specimens at

TAFA documented in this report, follows last year's documentation of improvements to

the facility through the use of closed-loop control by Rizzi. 1 Rizzi documents the

performance of the newly installed acoustic source controller to a variety of desired

control signals.

The object of the report was to assess the repeatability of the experimental

dynamic response of specimens at TAFA and provide a quality database to validate

numerical models. To this end experiments were conducted in the facility's four-

modulator reduced configuration. 3 A schematic and picture of the facility is shown in

Figs. 1-1 and 1-2, respectively.

This report utilizes the analysis of the first (mean) and second (variance) moment

statistical characteristics of power spectral density (PSD) and the root mean square

(RMS) of the experimental acceleration results as a framework to document several

important findings. The report investigates such things as the "linear" range of dynamic

response, bolt torque effects when mounting specimens to the test section (boundary

condition effects), and the effect of source deviation to the desired control signal.

Prior to 1994 the facility supported the development of thermal protection system

for the Space Shuttle and the National Aerospace Plane. After 1994 the facility

underwent several improvements and supported sonic fatigue studies of the wing strake

subcomponents on the High Speed Civil Transport.



_-_ _:_r_¢---- _ k_

....... ,i _ _ /,i _ _ l'i:_i _k._ _'_'

........ ! I 'i _! / i !

:.. ................ _.......... . --!:.......... _..........._.......... _ --

_ :___] ............................................:::::ii........................i ........?................ :::::::::::::::::::::::::::::::..........................................................

! k\ _ :, :../ ........_!..._! _:: ..... !
: ;: _---:_I "_........_.......:_...............::: ::-:----_,-_......
i i :_ _: . =i.... ! .!..__ .......#_.:S:<>:d_(....... i "; i

i iii _____ :=:Z:..::.}&.:;?!!!Z]i[:7_[:_!2=;:;:_i::i

:: :: i i_ _ '._ '.\ i
! "_%<'i ;' "_k \. _... _:;:_:_i_s'_::i:_:_ _!_-iO_.i ::

Figure 1-1. Schematic of TAFA in the four-modulator reduced configuration.

Figure 1-2. Picture of TAFA in the four-modulator reduced configuration.
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2. Experimental Setup

2.1 TAFA Characteristics and Experimental Matrix

In order to produce the acoustic signal, a signal generator in the control system

generated a prescribed acoustic spectrum. Characteristics of the acoustic source and

control mechanism are addressed in Section 3.1. For the tests evaluated in this report the

signal was a broadband white noise spectrum signal with a frequency range of 50 to

450Hz. The signal from the signal generator is amplified with Crown amplifiers 1, and

acoustic modulators generate the acoustic signal. 2 Air is fed through hoses attached to the

modulators at 14 lb/s (62.27 N/s) and the acoustic wave with mean flow travels down the

PWT.

Two microphones are located along the wall of the PWT one on the leading edge

before the specimen to be tested and one at the trailing edge after the specimen. These

microphone signals become the control reference signal. For the experiments in this

report, the spectrums from the two microphones were averaged and the overall desired

control SPL was specified. The specified OASPL started at 135dB (the facility noise

floor) and incremented in 6dB increments until 159dB. The maximum OASPL range

prescribed by the manufacturer for the microphone amplitude signal is 165dB 3 or 6dB

higher than the maximum OASPL used for the tests in this report. 4

Five tests were conducted for the 0.125 inch (0.318 cm) plate and four tests were

conducted for the 0.0625 inch (0.1588 cm) plate, for a total of nine tests. The plates were

rigidly clamped to the mounting fixture. To assess the clamping plate-fixture boundary

condition effect on the dynamic response, two torque patterns were used.

Torque pattern one started torquing the bolts from the lower left corner up and

right simultaneously and ending at the upper right corner of the plate. Torque pattern two

also started in the lower left hand corner of the plate and bolts were torqued counter

clockwise. Bolts were torqued to 100 in-lb (1129.84 cm-N) for both torque patterns.

Figure 2-1 shows a schematic of these two torque patterns. Two tests were conducted on

each day, with the same torque pattern. The same test was then repeated the next day with

the torque pattern changed. This same procedure was then repeated for the next plate
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thickness.

Figure 2-1. Torquingpattern1and2 respectivelyusedto clamptheplates.

Table 2-1.ExperimentalSchedule

Date Thickness (in.) Torque Sequence Run Number

1-Morning 0.125 (0.3175 cm)

1-Afternoon 0.125 (0.3175 cm) Not changed 2

2-Morning 0.125 (0.3175 cm) 2 3

2-Afternoon 0.125 (0.3175 cm) Not changed 4

3-Morning 0.062 (0.15875 cm) 1 1

3-Afternoon 0.062 (0.15875 cm) Not changed 2

4-Morning 0.062 (0.15875 cm) 2 3

4-Afternoon 0.062 (0.15875 cm) Not changed 4

5-Morning 0.125 (0.3175 cm) 1 5

Table 2-1 shows the experimental schedule for the plate specimens. It is assumed

for the purpose of this section, that time of the test and torque sequence used have no

appreciable effects on the experimental results. Therefore the experiments performed

belong to two statistical populations, one for the 0.125 inch (0.3175 cm) specimen and
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the other for the 0.062inch (0.15875cm) specimen.Consequently,therewerefive and

four repeat runs for the 0.125in (0.3175 cm) and 0.062 inch (0.15875 cm) thick

specimens,respectively.

The run numbersare numberedaccordingto the schedulein Table 2-1. For

example,Run 1and2 for the 0.125inch(0.3175cm) specimenwould bethe experiments

performedon Date 1 morning and afternoon,respectively,and for the 0.062 inch

(0.15875cm) specimenRun 1and2 wouldhe thetestsperformedonDate3 morningand

afternoon,respectively.

To determinethedynamicresponseof theplate,five 353B15PCB accelerometers

were usedto measurethe accelerationresponseof the plate to the excitation acoustic

spectrum.ThePSDwasusedasthe basisfor analyzingthe repeatabilityof thedynamic

responseof the plate.Figure2-2 andTable2-2 showthe accelerometerlocationsin the

plate specimen.The x and y location in Table 2-2 refersto the horizontal andvertical

distance,respectively,from thebottomleft cornerof the platespecimens.Themaximum

allowedaccelerationfor theaccelerometersdeterminedbythemanufactureris 500gs.5

Table 2-2.Accelerometerlocationsin theplatespecimens.

Accelerometer x-location (in) y-location (in)

16.44 (41.76 cm) 16.44 (41.76 cm)

2 12.75 (32.39 cm) 16.44 (41.76 cm)

3 16.44 (41.76 cm) 12.75 (32.39 cm)

4 8.56 (21.74 cm) 12.75 (32.39 cm)

5 8.56 (21.74 cm) 8.56 (21.74 cm)
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2.2 Specimen and Support Characteristics

Experiments were performed on 2024 T3 Aluminum plates specimens. These

plates were 25.5 x 25.5 inches (64.77 x 64.77 cm) with thicknesses of 0.0625 (0.1587

cm) and 0.125 inches (0.3175 cm), respectively as seen in Fig. 2-3. The plates have

0.33inch (0.838 cm) holes 0.42 inches (1.067 cm) from the sides to allow bolt screws to

go through the plate and secure it to mounting fixtures.

-- 0,42=+0.02

o

Thickness = 0.0625 +/- 0.003

_l_- 0.33-+0,0165

II t_ - 2'47-+0'10
o _ o o o o o o o

25,50-+0,10

25.50+0.10

Figure 2-3. Sample test specimen with dimensions and tolerances.

The plates were supported using two mounting square fixtures. These fixtures

sandwiched the test specimen, and bolts went through the two fixtures and the test

specimen securing it to the test section wall. Figures 2-4 and 2-5 show the dimension of

the two mounting fixtures. The upper mounting fixture was 25.5 x 25.5 inches (64.77 x

64.77 cm) in horizontal and vertical length and 20 x 20 inch (50.8 x 50.8 cm) middle cut

out area. Therefore the exposed surface area of the plate specimen was 20 x 20 inches

(50.8 x 50.8 cm). The thickness of this mounting fixture was 0.5 inches (1.27 cm).
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Figure 2-4. Test mounting fixtures (upper).

The bottom mounting fixture was 35.0 x 35.0 inches (88.90 x 88.90 cm) in

horizontal and vertical length and 20 x 20 inch (50.8 x 50.8 cm) middle cut out area as

shown in Fig. 2-5. The thickness of this mounting fixture was 1.0 inch (2.54 cm) with a

stepped 0.5 inch (1.27 cm) thick 25 x 25 (64.77 x 64.77 cm) area to fit the upper

mounting fixture.
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3. Results

The layout of this chapter is divided into three sections. In broad terms section 3.1

addresses the acoustic source characteristics, while sections 3.2 and 3.3 address the

dynamic response of the tested plate specimens. Section 3.1 describes some of the

spectral characteristics of the acoustic source and its control software producing the

grazing incident acoustic wave propagating along the progressive wave tube (PWT) to

the plate specimen tested.

Section 3.2 and 3.3 describe power spectral density (PSD) and root mean square

(RMS), respectively, of the dynamic response of the plate specimen. These sections use

the analysis of the first (mean) and second (variance) moment statistical characteristics of

PSD and the RMS of the experimental results as a framework to document several

important findings of the experimental results. The PSD and RMS results provide

frequency dependence, and magnitude response, respectively, repeatability assessment of

the experimental results.
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3.1 Acoustic Source Characteristics and Control

In order to characterize the source spectrum and control system an experiment

with a "blank" specimen was performed. Figure 3-1 shows a picture of the "blank"

specimen in the facility. A "blank" is a hard fixed specimen that acts as if it was the

tunnel wall. The leading and trailing edge microphone spectrums, respectively, were

acquired to ensure the repeatability of previous published results.1

The leading edge, trailing edge, control spectrum (average of leading and trailing

edge microphone spectrums), and the drive signal spectrum from the controller, is shown

in Figs. 3-2 through 3-6, respectively. The specified control signal had a frequency range

between 50 to 500 Hz creating plane traveling waves down the PWT. There are several

source spectral characteristics evident from these figures that had not previously been

reported.

Figure 3-1. Picture of Blank Specimen.
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Fromtheplots it is evidentthattherewasspectralenergybelow50Hz andabove

500 Hz eventhoughtherewasno outputby the drive signalat thesefrequencies.It is

importantto note from Fig. 3-3 that althoughthe drive signalhasa sharpdropoff outside

thespecifiedfrequencyrange,thefloor outsidethe specifiedrangeincreasedasthesound

pressurelevelwasincreased.

Thelow frequencyenergybelow the specified50Hz,highpasscut-off, increased

slightly as the OASPL was increased.Thereforeit is plausible that the drive signal

enhancedthe low frequencyenergybut wasnot its the root cause.The low frequency

spectralenergycomponentwaspresentevenwhenthe drive signalwasnot turned on,

and only backgroundair was running in the facility. Therefore,the energy at these

frequenciesseemsto bea facility characteristicspectrumandnot dueto the drive signal.

Thelow frequencyenergybecomelessimportantasthe OASPLwasincreased.

£

Figure 3-2. Upstreammicrophonepowerspectrum.
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Figure 3-3. Downstreammicrophonepowerspectrum.

The measuredspectral energy above 500 Hz increasedas the OASPL was

increased.Contraryto the lower frequencyenergy,the high frequencyenergyincreased

as OASPL was increased,and thereforedid not remain much lower than the drive

spectrum.Sinceoneof thecharacteristicsof nonlinearsystemsis theexcitationof higher

frequencycomponents,one possibleexplanationfor this high frequencynoise, is that

nonlinearities in the acousticsof the facility becamemore prevalentas OASPL was

increased.
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Figure 3-4. Control Power Spectrum.

Comparing the leading and trailing edge auto spectra (Fig. 3-2 and 3-3) with the

control spectra (Fig. 3-4), some characteristics are noted. The control spectra was flatter

than either the leading or trailing edge spectra in the specified frequency range. A flat

input spectra is desirable to prevent the structural dynamic response of the specimen to

reflect input conditions.

Figure 3-5 shows the coherence plot between the upstream and downstream

microphone. The coherence between the microphones shows improvements as both

OASPL and frequency are increased. The coherence function (yz) is defined as

y2(f) = Sx_ 2

Sx_Syy
(3-])

where Sxy, is the crosspectrum between the leading and trailing edge microphones and

Sxx, and Syy are the autospectrum of the leading and trailing microphones, repectively.
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Thecoherencefunctioncantakevaluesfrom 0 to 1, where0 indicatesno correlationand

perfect linearcorrelation,respectively,betweensignalsx (leadingedgemicrophone)and

y (trailing edgemicrophone).Previouspublishedresults1donot showthetrendshownin

Fig. 3-5, sincethoseplotsonly showedthecoherence,betweenupstreamanddownstream

microphones,for thehigherOASPLs,

Figure 3-g. CoherenceBetweenUpstreamandDownstreamMicrophones.

Figure 3-6 showsthe controller drive signal.The figure showsthat the drive

signal spectrumhad morevariability in voltageat the lower frequenciesand OASPLs.

Therefore,partof thespectralvariationseenin the leadingandtrailing edgemicrophones

as seenin Figs. 3-2 and 3-3, respectively,is dueto this spectralvariation in the drive

signal.More informationon thecontrollerdetailsrefer to References1and2.
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Figure 3-6. Controller Drive Signal.
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3.2 Power Spectral Density (PSD) Results

3.2.1 Thicker Plate Results

Experimental PSD results were acquired at TAFA for different OASPLs for the

2024 T3 Plate Aluminum specimens. Figures 3-7 through 3-10 show the PSD

Accelerometer 4 results for 0.125in (0.318cm) specimen and OASPLs 135, 141,147, and

153dB, respectively. Accelerometer 4 is located in the middle of the plate specimen as

shown in Fig. 2-2. PSD results for the accelerometers can be found in Appendix A.

PSD results in Figs. 3-7 through 3-10 show two distinct resonant peaks at around

l l0Hz and 390Hz, respectively. The general shape of the PSD curves were the same

from run to run, and the resonant frequencies shifted 5 to 10Hz for the different runs.

These figures also show, as expected, that level of the PSD curves increased as OASPL

was increased.

Figures 3-7, 3-8, and 3-9 shows what appear to be two distinct first and second

resonant results about 5 to 10 Hz apart. Runs 2 and 4 appear to be at lower resonant mode

frequencies than runs 1, 3, and 5. This result is significant since runs 2 and 4 were

afternoon tests, while runs 1,3, and 5 were morning tests. Therefore, the time of the day

the plates were tested affected their dynamic resonant response. Since the only change

between morning and afternoon tests was possibly the air temperature in the PWT, it

stands to reason, that the air being fed to the PWT warmed up during day, affecting the

dynamic response of the plates and evident by the resonant frequencies shift.

Another important conclusion of this result is that although the modes seem to be

slightly affected by the time of the day they are tested, they were repeatable from day to

day as long as they are tested at the same time of the day. Since the torquing sequence

used to clamp the plates was changed from day to day, it stand to reason, that torquing

sequence did not affect the dynamic response of the plate.

The PSD results also show a broadening of the resonant frequency peaks as

OASPL is increased rather than the sharper spikes at the lower OASPLs. Note that Fig.

3-10 shows a flat PSD. This result is due to the accelerometer coming off the specimen

due to the high acceleration levels in the plate and is not a valid result. Note that the PSD

level increased with OASPL not only at the excitation frequency range of 50 to 450Hz,
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but all the way to plottedrangeof 600Hz.This result occurreddueto the characteristic

tunnel noiseenergypresentoutsidethe excitationfrequencyrangediscussedin Section

3.1.

Figure 3-7. PSDat 135dBfor Accelerometer4 and0.125in(0.318cm)thick plate.
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Figure 3-8. PSD at 141dB for Accelerometer 4 and 0.125in (0.318cm) thick plate.

Figure 3-9. PSD at 147dB for Accelerometer 4 and 0.125in (0.318cm) thick plate.
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Figure 3-10. PSD at 153dB for Accelerometer 4 and 0.125in (0.318cm) thick plate.

Figures 3-11, 3-12, and 3-13 show the mean and standard deviation (STD) of the

PSD at various OASPLs for Accelerometer 4 and 0.125in (0.318cm) specimen. The mean

PSD results show a broadening of the two resonant peak regions due to the variability in

values for each of the experimental runs. This broadening in the resonant PSD level also

increases as the OASPL is increased. The STD of the PSD results show increased

variance with increasing OASPL. The STD curves follow the same shape as the mean

curves, where the peaks are located at the resonant frequencies.
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Figure 3-11. Mean PSD for Accelerometer 4 and 0.125in (0.318cm) thick plate.

Note that log plots can be deceptive, and many times engineers use this

deceptiveness to make their results "look better." For example, Fig. 3-13 shows the mean

PSD results with plus/minus one STD. To an untrained eye, it appears from the plot that

the one STD results were very close to the mean PSD curves, indicating very repeatable

experiments. Nevertheless, when the STD results are plotted by themselves, as in Fig. 3-

12, a different picture emerges. At 110Hz resonant frequency, the standard deviation at

153dB is roughly 102 g2/Hz. This is the same order of magnitude as the mean PSD value

for this OASPL and frequency. For a normally distributed population 66%, 95%, and

99% of the population samples lie within one, two, and three standard deviations

respectively. Therefore, such a large standard deviation provides very little confidence

into what the true mean PSD curve was for this given OASPL and frequency.
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Figure 3-12. STD of PSD for Accelerometer 4 and 0.125in (0.318cm) thick plate.

_7_ _ii_'_i_i_ •i •_
_i _ _I__

23



Figure 3-13. Mean and STD of PSD for Accelerometer 4 and 0.125in (0.318cm) thick

plate.

The estimates of the mean and STD statistics plotted in Figs. 3-11, 3-12, and 3-13

were calculated based on five test runs. This was a relatively small sample size to draw

reliable population mean and variance estimates. In order to increase the sample size a

new standardized variable was calculated called the Absolute Percent Error (APE)

defined as 3

APEij = _ * 100
(3-2)

where _-is the mean value of the PSD function at a given frequency, and xij is the value

of the PSD function at some accelerometer location (i) and OASPL (j) at the same

frequency.

From these APEs, Mean Absolute Percent Errors (MAPEs) can be calculated.

MAPEi and MAPEj given by

APE_

MAPEi- J
nj -1

APE_j

MAPEj-
n_ -1

(3-3)

MAPEs also roughly equal the percentage of the ratio of STD to the mean result given by

STD
MAPE = -- * 100 (3-4)

Mean

Figure 3-14 shows the MAPE function for the different accelerometer (MAPEi).

The MAPE function for all accelerometers increased at frequencies where the PSD
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function was small (remember you are dividing by _-) and at the resonant frequencies.

The errors were independent of location and more dependent on the magnitude of the

response. Therefore, resonant locations produced higher MAPEs. Note that all

accelometers pick up the first mode (1,1) at around ll0Hz, but Accelerometer 4 located

in the middle of the plate does not pick mode (1,2) at 200 to 210 Hz, since it was located

in a node line for this mode. Appendiz A shows the 200 to 210Hz resonant mode in the

PSD plots for Accelerometers 1,2,3, and 5.

Figure 3-15 shows the MAPE function for different OASPLs (MAPEi). The plot

shows the same general trend as in Fig. 3-14, where frequency dependence and the

location of structural modes dominated the error. Nevertheless, OASPL had a more

significant effect than accelerometer location. Figure 3-15 also shows, that as OASPL

was increased, the MAPE also increased. Finally, since the MAPE roughly equals the

ratio STD of the PSD to the mean of the PSD results, it can be seen from Figs. 3-14 and

3-15 that on average this ratio oscillated between 20% to 100% for non-resonant and

resonant frequencies, respectively.

f..............._i:__ ......

_t

Figure 3-14. MAPE Location Dependence for the 0.125in (0.318cm) plate.

25



Figure 3-1g.MAPE OASPLDependencefor the0.125in(0.318cm)plate.
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3.2.2 Thinner Plate Results

Figures 3-16 through 3-19 show PSD results for the 0.062in (0.1588cm) specimen

for OASPLs 135, 141, 147, and 153dB, respectively. Numerically the first mode of this

plate appears at around 50Hz if rigidly clamped conditions are assumed. Experimentally,

the boundary conditions were a combination of rigidly clamped and simply supported

boundary conditions, and therefore the first resonant frequency was below 50Hz. Since

the excitation acoustic energy had a frequency range of 50Hz to 450Hz this mode is not

excited.

il i:iiii__
ii _ii:
_ii,ii/i
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Figure 3-16. PSD at 135dB for Accelerometer 4 and 0.062in (0.1588cm) thick plate.

The PSD functions for the 0.062in (0.1588cm) thick specimen show two resonant

peaks at around 100-110Hz and 250-310Hz. Both of these modes are repeated modes.

There two other modes between these two frequencies at around 190Hz to 200Hz and
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260Hz,respectively,that do not appearfor Accelerometer4. Theseresonantmodescan

beseenthePSDfunctionplotsin AppendixA for Accelerometers1,2,3,and5.

ThePSD functionsin Figs. 3-16 through3-19 showthat the resonantpeaksfor

this sampletended to vary dependingon the time of the day tested (morning or

afternoon),andtorque sequenceusedto securethe plate.Similar to the thicker0.125in

(0.318cm)plateresults,runs2 and4 (afternoonruns)wereat lowerresonantfrequencies

than runs 1 and 3 (morning runs). Another important result that canbe seenin these

figureswhencomparingruns1 and2 against3 and4, is that torquesequenceaffectedthe

dynamicresponseat theresonantfrequencies.Thesefiguresshowthattorquesequence1

and 2 produced lower and higher, respectively, resonant frequencies responses.

Therefore,for this thinner0.062in (0.1588cm)plate hadits dynamicresonantresponse

affectedby air temperatureandtorquingpatternusedto secureit to the testwall section

of thePWT.

Figure 3-17.PSDat 141dBfor Accelerometer4 and0.062in(0.1588cm)thick plate.
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ThePSD functions also show that with increasingfrequencythe peakresonant

frequency variability increases.Comparingthe 0.125in (0.318cm) and the 0.062in

(0.1588cm)specimen,the variability in the resonantpeakswasgreaterfor the thinner

specimen.

Figure 3-18.PSDat 147dBfor Accelerometer4 and0.062in(0.1588cm)thick plate.
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Figure 3-19. PSD at 153dB for Accelerometer 4 and 0.062in (0.1588cm) thick plate.

Figs. 3-20, 3-21, and 3-22 show the mean and standard deviation, respectively, of

the PSD function for the 0.062in (0.1588cm) sample and Accelerometer 4 at various

OASPLs. The mean PSD results show a broadening of the two resonant peak regions due

to the variability in the experimental runs. This broadening in the resonant PSD level also

increased as the OASPL was increased, although this effect seems to be less pronounced

for this sample thickness when compared with the thicker 0.125in (0.318cm) sample.

The STD of the PSD results show increasing variance with increasing OASPL.

The STD curves follow the same shape as the mean curves, where the peaks are located

at the resonant frequencies. Comparing the thicker vs. thinner plate (0.125in (0.318cm)

vs. 0.062in (0.1588cm)), Figs. 3-22 and 3-13 show that the variability in the PSD results

was significantly greater for the thinner plate.
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Figure 3-20. Mean PSD for Accelerometer 4 and 0.062in (0.1588cm) thick plate.

Figure 3-21. STD of PSD for Accelerometer 4 and 0.062in (0.1588cm) thick plate.
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Figure 3-22. Mean and STD of PSD for Accelerometer 4 and 0.062in (0.1588cm) thick

plate.

Figs. 3-23 and 3-24 show the MAPE location (MAPEi) and OASPL (MAPEj)

dependence, respectively, for the 0.062in (0.1588cm) specimen. These figures show the

MAPEs to be more erratic than the thicker 0.125in (0.318cm) plate. From Eq. (3-4), the

MAPE roughly equals the ratio STD of the PSD to the mean of the PSD results.

Therefore, on average this ratio oscillated between 25% to 125% for non-resonant and

resonant frequencies, respectively.
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Figure 3-23. MAPE Location Dependence for the 0.062in (0.1588cm) Specimen.
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Figure 3-24. MAPE OASPL Dependence for the 0.125in (0.318cm) Specimen.
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3.3 Root Mean Square (RMS) Statistic Results

The PSD results in the previous section provide a frequency dependence dynamic

response of the plate specimens. In this section the acceleration magnitude response vs.

input OASPL is of interest. The PSD function is the frequency domain autocorrelation

function related to the time domain autocorrelation function by the Weiner-Khintchine

Fourier transform pair given by 4

Rxx ('c)= iSxx (f)cos(coz)df
0

Sxx (f)= iRxx ('c)cos(coz)d'c
0

(3-5)

where Rxx and Sxx are the time and frequency domain, respectively, single-sided

autocorrelation functions, and c0=2nf. Throughout this report the frequency domain

autocorrelation function has been called the Power Spectral Density (PSD). The Root

Mean Square (RMS) value is defined as 4

I 1! liRMS = _fRxx (0) = _ x2(t) dt= Sxx (f)df (3-6)

Therefore, the square root of the areas under the PSD curve is the RMS value.
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3.3.1 Thicker Plate Results

Figure 3-25 shows the RMS accelerations of different runs for Accelerometer 4 as

a function of OASPL for the 0.125in (0.318cm) specimen. The plot shows a linear

increase in acceleration RMS response with increasing OASPL. Divergence from this

functional relationship starts around 150dB OASPL. Above 150dB, accelerometers come

off the plate and the data is not valid. The accelerometers used to measure the dynamic

response had a usable range of 500g RMS. Other RMS acceleration runs vs. OASPL can

be found in Appendix B.
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Figure 3-25. RMS Accelerations vs. OASPL for Accelerometer 4 and the 0.125in

(0.318cm) plate.

Figures 3-26 and 3-27 show the mean (solid line) plus/minus one STD (dashed

line) of the RMS acceleration for accelerometers 1 thru 5, for the 0.125in (0.318cm)

plate. The plots show a linear relationship between RMS acceleration response vs.

incident OASPL for accelerometers 1 thru 5. Given that the response of this plate is
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strongly first mode dominated,it was expectedfor Accelerometer4 (centerof plate

location) to havethe highestaccelerationfollowed by Accelerometer3 (centerleading

edgelocation)andfor Accelerometers1,2, and5 to haveaboutthe samevalue(SeeFig.

2-2 in Section2.1). The plot showsthis result experimentallyup to 153dB.Above this

valuethereliability of theresultsdeterioratesandtheoneSTD envelopesfor thedifferent

accelerometersoverlap.The plots also show that below 147dBOASPL, the one STD

envelopewas fairly constant as OASPL is increased.This result indicatesthat the

variability in theresultswaslinearly increasingin magnitudewith increasingOASPL.

Figure 3-26.Mean and STD RMS Accelerationvs. OASPL for the 0.125in (0.318cm)

plate.
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Figure 3-27. Mean and STD RMS Acceleration vs. OASPL for the 0.125in (0.318cm)

plate.

Comparing the variability of the RMS vs. PSD results discussed in Section 3.2.1,

the RMS results are far more repeatable. The STD results were less than 10% of the RMS

results, while the STD of the PSD results were around 20% to 100% of the mean PSD

results for non-resonant and resonant frequencies, respectively, for this thickness plate.

Figure 3-28 shows the overall mean and standard deviation vs. OASPL for

0.125in (0.318cm) specimen. The overall mean was computed by averaging all the

accelerometer results. The STD was calculated by taking the square difference between

each of the individual accelerometer run against this mean. Consequently, the STD in

Fig. 3-28 is not the average of the STDs shown in Figs. 3-26 and 3-27.

The STD of the overall RMS, shown in Fig. 3-28, was on average below 20% of

the overall mean RMS. There was an additional 10% more variability in the STD result,

because of accelerometers response difference due to their locations on the plate.
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Figure 3-28. Overall Mean and STD of Accelerations vs. OASPL for the 0.125in

(0.318cm) plate.
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3.3.2 Thinner Plate Results

Figure 3-29 shows the RMS accelerations of different runs for Accelerometer 4 as

a function of OASPL for the 0.062in (0.1588cm) plate. The plot shows a linear

acceleration dynamic response vs. OASPL. Other RMS acceleration vs. OASPL for the

other accelometers can be found in Appendix B.

_-__
..........._,_

_,_

Figure 3-29. RMS Accelerations vs. OASPL for the 0.062in (0.1588cm) plate.

Figures 3-30 and 3-31 show the mean (solid line) plus/minus one STD (dashed

line) of the RMS acceleration for accelerometers 1 thru 5, for the 0.062in (0.1588cm)

plate. The plots show a linear relationship between RMS acceleration response vs.

incident OASPL for accelerometers 1 thru 5. The plots also show that the one STD

envelope had a fairly constant distance from its mean RMS results with increasing

OASPL. This trend started to break down around 147dB, where the one STD envelope

for accelerometers 2 and 4 start diverging from its mean RMS result.
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Figure 3-30. Mean and STD RMS Acceleration vs. OASPL for the 0.062in (0.1588cm)

plate.

iii........
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Thevariability comparisonbetweenRMS vs. PSDresults (discussedin Section

3.2.2)for the0.062in(0.1588cm)plateproducedsimilarresultsasfor thethicker0.125in

(0.318cm)plate. For the 0.062in (0.1588cm)plate, on average,the STD of the RMS

resultswaslessthan 10%of themeanRMS results.In contrast,on average,the STD of

thePSDresultswasbetween25% to 125%of themeanPSDresults,for nonresonantand

resonantfrequencies,respectively.Clearly, the RMS resultswere far more repeatable

thanthePSDresultsfor boththethin andthick plate.

Figure 3-32 showsthe overall meanand standarddeviationvs. OASPL for the

0.062in (0.1588cm)plate.As statedpreviouslyfor the thicker 0.125inplate, the mean

wascomputedby averagingall the accelerometerresults.The STD was calculatedby

takingthe squaredifferencebetweeneachof the individual accelerometerrunagainstthis

mean.The STD for this plot was not calculatedby averagingthe squaredifference

between each individual accelerometer runs against that accelerometer mean.

Consequently,the STD in Fig. 3-32 is not the averageof the STDs shownin Figs. 3-30

and3-31.

TheSTD of the overallRMS, shownin Fig. 3-32,wasonaverage15%to 20%of

the overallmeanRMS. Therefore,therewasanadditional5%to 10%morevariability in

the STDresult,becauseof accelerometersresponsedifferencedueto their locationonthe

plate. This result was comparableto the thicker 0.125in (0.318cm)plate, which also

experiencedan additional 10% more variability in this STD resultsdue to the same

accelerometerlocationresponsedifferencesreason.
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Figure 3-32. Overall Mean and STD of Accelerations vs. OASPL for the 0.125in

(0.318cm) plate.
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4. Conclusions

The objective of the current study was to assess the repeatability of experiments at

NASA Langley's Thermal Acoustic Fatigue Apparatus (TAFA) facility and to use these

experiments to validate numerical models. To this end experiments were conducted in

this progressive wave tube (PWT) facility's four-modulator configuration.

Experiments show that power spectral density (PSD) curves were repeatable

except at the resonant frequencies, which tended to vary between 5Hz to 15Hz. Results

show that the thinner specimen had more variability in the resonant frequency location

than the thicker sample, especially for modes higher than the first mode in the frequency

range.

Absolute Percent Errors (APEs) and Mean Absolute Percent Errors (MAPEs)

were calculated to increase to normalize the error results and increase the statistical

population size. MAPE results indicated that errors were largely insensitive to the

location in the sample, but were very sensitive to the magnitude of the response.

Therefore, resonant frequencies and higher OASPL tended to produce higher MAPEs.

The time of the day (morning or afternoon) that the plate specimens were tested

affected their dynamic resonant response. The only change between morning and

afternoon tests was possibly the air temperature in the PWT. Therefore, it stands to

reason, that the air being fed to the PWT warmed up during day affecting the dynamic

response of the plates at the resonant frequencies. The torquing sequence used to clamp

the plates was changed from day to day, and yet the resonant responses were repeatable

for the thicker 0.125in (0.318cm) plate. Therefore, torquing sequence did not affect the

dynamic response of the thicker plate. The thinner 0.062in (0.1588cm) plate's resonant

dynamic response was affected by torquing sequence.

Root Mean Square (RMS) (the area under the PSD curves) tended to be more

repeatable. The RMS accelerations increased with SPL and the specimen tended to

behave "linearly" through the SPL range of 135 to 153dB. Standard Deviations (STDs) of

the results tended to be relatively low constant up to about 147dB.

Comparing the variability of the RMS vs. PSD results, the RMS results were

more repeatable. The STD results were less than 10% of the RMS results for both the
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0.125in(0.318cm)and0.062in(0.1588cm)thick plate.TheSTD of thePSDresultswere

around20%to 100%of the meanPSDresultsfor non-resonantandresonantfrequencies,

respectively,for the 0.125in (0.318cm)thicker plate andbetween25% to 125%of the

meanPSDresults,for nonresonantandresonantfrequencies,respectively,for thethinner

plate.
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Appendix A: Complete PSD Results
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Figure A-1. PSD at 135dB for Accelerometer 1 and 0.125in thick plate.
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Figure A-2. PSD at 141dB for Accelerometer 1 and 0.125in thick plate.
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Figure A-3. PSD at 147dB for Accelerometer 1 and 0.125in thick plate.

Figure A-4. PSD at 153dB for Accelerometer 1 and 0.125in thick plate.
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Figure A-5. PSD at 159dB for Accelerometer 1 and 0.125in thick plate.

Figure A-6. Mean PSD for Accelerometer 1 and 0.125in thick plate.
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Figure A-7. STD of PSD for Accelerometer 1 and 0.125in thick plate.
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Figure A-8. PSD at 135dB for Accelerometer 2 and 0.125in thick plate.
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Figure A-9. PSD at 141dB for Accelerometer 2 and 0.125in thick plate.

Figure A-10. PSD at 147dB for Accelerometer 2 and 0.125in thick plate.
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Figure A-11. PSD at 153dB for Accelerometer 2 and 0.125in thick plate.
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Figure A-12. PSD at 159dB for Accelerometer 2 and 0.125in thick plate.
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Figure A-14. STD of PSD for Accelerometer 2 and 0.125in thick plate.
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Figure A-15. PSD at 135dB for Accelerometer 3 and 0.125in thick plate.

Figure A-16. PSD at 141dB for Accelerometer 3 and 0.125in thick plate.
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Figure A-17. PSD at 147dB for Accelerometer 3 and 0.125in thick plate.
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Figure A-18. PSD at 153dB for Accelerometer 3 and 0.125in thick plate.
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Figure A-19. PSD at 159dB for Accelerometer 3 and 0.125in thick plate.

Figure A-20. Mean PSD for Accelerometer 3 and 0.125in thick plate.
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Figure A-21. STDof PSDfor Accelerometer3 and0.125inthick plate.
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Figure A-22. PSD at 135dB for Accelerometer 4 and 0.125in thick plate.
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Figure A-23. PSD at 141dB for Accelerometer 4 and 0.125in thick plate.

i!: i

Figure A-24. PSD at 147dB for Accelerometer 4 and 0.125in thick plate.
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Figure A-25. PSD at 153dB for Accelerometer 4 and 0.125in thick plate.

Figure A-26. PSD at 159dB for Accelerometer 4 and 0.125in thick plate.
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Figure A-28. STD of PSD for Accelerometer 4 and 0.125in thick plate.
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Figure A-29. PSDat 135dBfor Accelerometer5 and0.125inthick plate.
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Figure A-30. PSD at 141dB for Accelerometer 5 and 0.125in thick plate.
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Figure A-31. PSD at 147dB for Accelerometer 5 and 0.125in thick plate.

Figure A-32. PSD at 153dB for Accelerometer 5 and 0.125in thick plate.
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Figure A-33. PSDat 159dBfor Accelerometer5 and0.125inthick plate.
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Figure A-34. Mean PSD for Accelerometer 5 and 0.125in thick plate.
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Figure A-3g. STDof PSDfor Accelerometer5 and0.125inthick plate.

Figure A-36. PSDat 135dBfor Accelerometer1and0.062inthick plate.
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Figure A-37. PSD at 141dB for Accelerometer 1 and 0.062in thick plate.
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Figure A-38. PSD at 147dB for Accelerometer 1 and 0.062in thick plate.
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Figure A-39. PSD at 153dB for Accelerometer 1 and 0.062in thick plate.

Figure A-40. Mean PSD for Accelerometer 1 and 0.062in thick plate.
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Figure A-41. STD of PSD for Accelerometer 1 and 0.062in thick plate.

Figure A-42. PSD at 135dB for Accelerometer 2 and 0.062in thick plate.
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Figure A-43. PSD at 141dB for Accelerometer 2 and 0.062in thick plate.
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Figure A-44. PSD at 147dB for Accelerometer 2 and 0.062in thick plate.
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Figure A-45. PSD at 153dB for Accelerometer 2 and 0.062in thick plate.

Figure A-46. Mean PSD for Accelerometer 2 and 0.062in thick plate.
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Figure A-47. STD of PSD for Accelerometer 2 and 0.062in thick plate.
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Figure A-48. PSD at 135dB for Accelerometer 3 and 0.062in thick plate.
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Figure A-49. PSD at 141dB for Accelerometer 3 and 0.062in thick plate.
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Figure A-50. PSD at 147dB for Accelerometer 3 and 0.062in thick plate.
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Figure A-51. PSD at 153dB for Accelerometer 3 and 0.062in thick plate.
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Figure A-52. Mean PSD for Accelerometer 3 and 0.062in thick plate.
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Figure A-53. STD of PSD for Accelerometer 3 and 0.062in thick plate.

Figure A-g4. PSD at 135dB for Accelerometer 4 and 0.062in thick plate.
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Figure A-55. PSD at 141dB for Accelerometer 4 and 0.062in thick plate.

Figure A-g6. PSD at 147dB for Accelerometer 4 and 0.062in thick plate.
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Figure A-57. PSD at 153dB for Accelerometer 4 and 0.062in thick plate.
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Figure A-58. Mean PSD for Accelerometer 4 and 0.062in thick plate.
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Figure A-59. STD of PSD for Accelerometer 4 and 0.062in thick plate.
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Figure A-60. PSD at 135dB for Accelerometer 5 and 0.062in thick plate.
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Figure A-61. PSD at 141dB for Accelerometer 5 and 0.062in thick plate.

Figure A-62. PSD at 147dB for Accelerometer 5 and 0.062in thick plate.
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Figure A-63. PSD at 153dB for Accelerometer 5 and 0.062in thick plate.
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Figure A-64. Mean PSD for Accelerometer 5 and 0.062in thick plate.
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Figure A-65. STDof PSDfor Accelerometer5 and0.062inthick plate.
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Appendix B: Complete RMS Results
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Figure B-1. RMS Accelerations vs. OASPL for Accelerometer 1 and the 0.125in plate.
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Figure B-2. RMS Accelerations vs. OASPL for Accelerometer 2 and the 0.125in plate
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Figure B-3. RMS Accelerationsvs.OASPLfor Accelerometer3 andthe0.125inplate

........._'_ _ i ':.

Figure B-4. RMS Accelerations vs. OASPL for Accelerometer 4 and the 0.125in plate
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Figure B-5. RMS Accelerations vs. OASPL for Accelerometer 5 and the 0.125in plate

Figure B-6. Mean RMS Accelerations vs. OASPL for the 0.125in plate.
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Figure B-9. RMS Accelerations vs. OASPL for Accelerometer 1 and the 0.062in plate.
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Figure B-10. RMS Accelerations vs. OASPL for Accelerometer 2 and the 0.062in plate.
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Figure B-11. RMS Accelerations vs. OASPL for Accelerometer 3 and the 0.062in plate.
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Figure B-12. RMS Accelerations vs. OASPL for Accelerometer 4 and the 0.062in plate.
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Figure B-13.RMS Accelerationsvs.OASPLfor Accelerometer5 andthe0.062inplate.
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Figure B-14. Mean RMS Accelerations vs. OASPL for the 0.062in plate.
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Figure B-16. Overall Mean and STD of Accelerations vs. OASPL for the 0.062in plate.
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